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phenol in water through intercalation of Ferrate(VI) into layered double
hydroxide
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In this study, ferrate intercalated Ca/Al-layered double hydroxide (Ferrate-LDH) was synthesized and characterized for water treatment. In the new Ferrate(VI) material, ferrate was stably present in the LDH interlayers,
in agreement with results of the Density Functional Theory simulation. The oxidative capability of Ferrate-LDH
was examined in terms of the mineralization of phenol in water. The Ferrate-LDH could achieve up to 86.8%
utilization eﬃciency during oxidative destruction of phenol in water (pH = 6.5, TOC = 38.3 mg/L), advantageous over direct ferrate addition that only achieved 12.6% utilization eﬃciency. A slower evolution of dioxygen
(a ﬁnal product of Ferrate(VI) self-decay) was observed in the Ferrate-LDH water system, suggesting that the
LDH structure inhibited Ferrate(VI) self-decay. Therefore, the better phenol removal achieved by Ferrate-LDH
was likely ascribed to an increased oxidant exposure caused by the increased lifetime of Fe(VI) in water.
Characterization of the LDH products before and after oxidation of phenol revealed that ferric (hydr)oxides
capable of surface catalyzing Ferrate(VI) self-decay were formed on the LDH surface, not inside the LDH interlayers, suggesting that ferric(III), the product of Fe(VI) reduction, was repelled from the LDH interlayers.
Isolation of Fe(VI) present in the LDH structure from these active iron products may be responsible for the
inhibited Ferrate(VI) self-decay when Ferrate-LDH was dosed to water. This study demonstrates that the intercalation of ferrate in LDH represents a promising approach to more eﬃciently and economically utilizing
Ferrate(VI) for the elimination of water pollutants.

1. Introduction
Chemical oxidative processes represent a major step in water
treatment for elimination of various pollutants (Von, 2018). Among
diﬀerent chemical oxidants, ferrate (FeO42−), an oxyanion containing
iron in its +6 oxidation state (Fe(VI)) has attracted special attention
due to: 1) a high redox potential (up to 2.2 V), advantageous over many
other oxidant such as hydrogen peroxide, ozone and persulfate (Jiang
et al., 2006; Ma and Liu, 2002; Sun et al., 2017; Wang et al., 2016; Fan
et al., 2017); and 2) little formation of known disinfection byproducts
(Yates et al., 2014). Ferrate(VI) has been extensively studied for chemical oxidation of a broad range of organic contaminants in water (Lee
et al., 2009; Jiang et al., 2016; Feng et al., 2016).
Once added to water, Fe(VI) can be reduced to Fe(III) that immediately forms solid ferric (hydr)oxides at a typical water treatment

⁎

pH condition. Fe(VI) consumption in water is ascribed to two pathways:
1) reactions with reducing agents in water such as target pollutants and
water matrix constituents (e.g. natural organic matter (NOM) in natural
water and eﬄuent organic matter (EfOM) in biologically treated municipal wastewater); and 2) self-decomposition in water (Lee et al.,
2004). The latter can be expressed in an overall reaction as Eq. (1)
(Schreyer, 1948; Lee et al., 2014).

4FeO4 2 − + 10H2 O = 4Fe(III) + 20 OH– + 3O2 ↑

(1)

It should be noted that the ferrate(VI) self-decay leads to the evolution of oxygen molecules in water. The homogenous self-decay is
typically dominant at the onset when solid iron (hydr)oxides are not
abundantly formed. The kinetic rate of ferrate(VI) self-decay can be
inﬂuenced by solution conditions (pH, temperature) and co-existing
species (metal cations) (Manoli et al., 2017; Deng et al., 2018; Sharma,
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Fig. 1. (a):XRD patterns of CaAleCleLDH and Ferrate-LDH with various Ca/Fe ratios. (b): The diﬀraction plane (006) for Ferrate-LDH and CaAleCleLDH in LDH
samples with various Ca/Fe ratios. (c) Geometric structure of FeO42− and geometric structure of CaAl-Ferrate-LDH. The black solid lines represent lattice line and the
blue dashed represent hydrogen bond.

2015):

Table 1
FWHM, peak center position and d006-value of LDH samples.
Sample

d006-value
(nm)

Peak 1
Center

FWHM1

Peak 2
Center

FWHM2

R2

Ferrate-LDH421
Ferrate-LDH422
Ferrate-LDH424
Ferrate-LDH426
CaAl-Cl-LDH

0.973
0.973
0.973
0.973
0.786

9.153
9.153
9.153
9.153

1.075
1.075
1.075
1.075

10.812
10.793
10.802
10.793

1.541
1.896
2.114
1.956

0.967
0.962
0.904
0.957

Fe(VI)

Fe(III) solids

→

Fe(III)

(2)

The as-produced Fe(III) colloids improved the self-decay of Fe(VI)
(Herney-Ramirez et al., 2010; Anquandah et al., 2011; Espinosa et al.,
2017). Fractions of ferrate(VI) consumption between the two pathways
rely heavily upon kinetic competition of the two degradation mechanisms. Generally, the inhibition of ferrate(VI) depletion on self-decomposition would increase availability of ferrate(VI) for the degradation of target pollutants, thereby increasing ferrate(VI) utilization
and pollutant removal.
Layered double hydroxides (LDH) are the group of anionic clay
material. They are broadly applied in many ﬁelds, such as catalysis,
adsorption, and drug delivery (Cai et al., 2016; Zhou et al., 2018; Zhou
3+
net al., 2015). LDH have a generic formula: M2+
1-x Mx (OH)2(A )x/
2+
3+
•mH
O,
where
M
represents
divalent
metal
ions,
M
represents
n
2
trivalent metal ions, An- represents anions those was intercalated in the
interlayer to balance the positive charge of hydroxide layer, x is denoted as M3+/(M2++M3+) ranging from 0.2 to 0.4, m is the number of
crystal water (Braterman et al., 2005; Evans and Slade, 2006). The

FWHM: Full Width at Half Maximum; R2: correlation coeﬃcient; FWHM1 was
full width peak1 at half maximum; FWHM2 was full width peak2 at half
maximum

2010; Li et al., 2005).
Very recently, the produced ferric (hydr)oxides from ferrate(VI)
reduction has been validated to be capable of surface-catalyzing ferrate
(VI) in water, though detailed reaction mechanisms remain poorly
understood (Jiang et al., 2015; Deng et al., 2018; Lee et al., 2014). The
heterogeneous ferrate(VI) self-decomposition can become dominant
with the accumulation of ferric (hydr)oxides, as follows (Jiang et al.,
49
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intercalation of metal anion in LDH was investigated, such as CrO42−,
MoO42−. For the CrO42− removal, CaAl-LDH was used in our previous
work, in which high amount of CrO42− was intercalated into the LDH
(Dai et al., 2009). The stable chromate-intercalated LDH was obtained
via a dissolution-reprecipitation way from chloride-LDH (Qian et al.,
2012). As known, the structure of FeO42− is similar to that of CrO42−.
Accordingly, the anion intercalation of LDH is beneﬁcial to the inhibit
the ferrate self-decay via the repelling the cation Fe(III) produced from
ferrate reduction as the intercalation of ferrate is achieved. Although
iron complexes with low chemical valence state had been intercalated
into LDH (such as oxalate, citrate) (Taviot-Gueho et al., 2015), the research about that high chemical valence state iron ionic group intercalated into LDH was rarely report.
Herein, we propose to synthesize ferrate(VI) intercalated LDH for
inhibiting the self-decay of ferrate and improving ferrate(VI) oxidation
capacity. This study aimed (1) to intercalate FeO42− into LDH for
preparing a more stable ferrate(VI) agent; (2) to evaluate the enhanced
oxidative capability of the new ferrate(VI)-LDH agent for the removal of
a model pollutant; and (3) to reveal the mechanisms associated with the
increased oxidation eﬀect.

Table 2
Compositions of diﬀerent cations in the LDH samples.

2. Experimental

2.4. Computational models

2.1. Materials and analytical methods

The initial model of LDH was constructed according to crystal data
for
(Mg4Al2(OH)12CO3(H2O)3)0.5
(lattice
parameters
were
a = b = 3.081 Å, c = 23.784 Å, α = 90o; β = 90o; γ = 120o) (Bellotto
et al., 1996; Murthy et al., 2015). The space group was R-3 m and the
crystal system was trigonal. Beside, 3a × 1b × 1c model was built by
extending the unit cell. The structure model of LDH
(Ca24Al12(OH)72(FeO4)6·42H2O) was obtained through the replacement
of ion/ionic groups. Theoretic structures of FeO42− and Ferrate-LDH
were determined through geometry optimization.
Geometry optimization was performed with VASP within the framework of Density Functional Theory (DFT) (Kresse and Furthmüller,
1996). The generalized gradient approximation (GGA) of PerdewBurke-Ernzerhof (PBE) was used to describe the exchange and correlation interactions (Perdew et al., 1996). The nuclei and core electrons
were described by projector augmented wave (PAW) pseudopotentials
(Blöchl, 1994). The cut-oﬀ kinetic energy for plane waves was 400 eV
(Meng and Yan, 2017). The k-point of Brillouin zone was set as
1 × 3 × 1 with Г-point-centered meshes. A maximum force tolerance of
0.01 eV/Å and a maximum energy tolerance of 0.1 meV were used.
Crystal shape and atomic position were allowed changed during
structural relaxation.

Sample

Ca/Al

Fe (%)

Ca (%)

Al (%)

Fe(VI) in
total Fe

Fe(VI) (%) in
LDH

Ferrate-LDH421
Ferrate-LDH422
Ferrate-LDH424
Ferrate-LDH426
CaAl-Cl-LDH

1.8
2.1
2.2
2.2
2.1

10
16
24
29
–

35
36
30
31
–

11
11
8
7
–

72%
59%
33%
29%
–

7.3
9.4
7.8
8.4

The amount of nanoparticles with various sizes was counted by Nano
Measurer. The X-ray diﬀraction (XRD) patterns were obtained on an Xray diﬀractometer (DLMAX-2200, Rigaku Co., Japan) with Cu Kα radiation (λ = 1.5418 Å). The scanning rate was 8°/min and the 2θ range
was 5–80°. X-ray photoelectron spectroscopy (XPS) (Kratos Axis
ULTRA, Shimadzu Co., Japan) analysis was performed follows: monochromated Al Kα X-rays (hν = 1486.6 eV); and the X-ray source was
operated at 150 W, 15 kV, and 10 mA. All XPS spectra were calibrated
by C (1 s) signal at 284.8 eV for the data process.

All chemical reagents used were of analytical grade. Potassium
ferrate (K2FeO4, 97%), phenol (PhOH, ≥99.5 wt%), calcium chloride
(CaCl2), hexahydrate aluminum (AlCl3·6H2O) and sodium hydroxide
(NaOH) were purchased from Sigma-Aldrich (St. Louis, MO,USA). TertButyl Alcohol (BTA) serving as a spin-trapping agent was purchased
from Aladdin Ltd. Co., China. All solutions were prepared with Milli-Q
water (≥ 18.2 MΩ·cm).
Solution pH was measured with a pH meter (A310, ORION, USA).
Dissolved oxygen (DO) was determined with a dissolved oxygen analyzer (JPBJ-609 L, China). TOC was measured using a TOC analyzer
(Multi N/C 2100, Analytik Jena, Berlin, Germany). Metal contents in
LDH (dissolved in 5% nitric acid solution, pH < 2) were determined by
an inductively coupled plasma atoms emission spectrometer (ICP-AES,
Leeman Co., USA).
2.2. Synthesis of ferrate and chloride intercalated LDH
CaAl-ferrate-LDH materials were synthesized via coprecipitation
method. In this study, the Ferrate-LDH with a molar Ca/Al/Fe ratio of a:
b: c was indicated as Ferrate-LDHabc. For example, in order to synthesize Ferrate-LDH422, 0.888 g of CaCl2 and 0.966 g of AlCl3·6H2O
were dissolved in 50 mL of deionized water to form solution A. Sodium
hydroxides of 2.300 g was dissolved in 150 mL of deionized water to
form solution B, followed by the addition of 0.794 g of potassium ferrate to prepare solution C. Then, Solution A was quickly poured into
Solution C with stirring continuously to form dispersion (solution was
peralkalic, the initial pH ~ 14 and the ﬁnal pH was approximately 11).
The dispersion was stirred at 10 °C for 4 h under a N2-bubbledatmosphere to prevent any dissolution of CO2 from the atmosphere. After
mixing, the solid products were centrifuged at 4500 rpm, rinsed twice
with 150 mL of deionized water, and then freeze-dried for 24 h. The
dried samples were grinded and passed through a 100-mesh sieve. The
ﬁltered powers were stored in vacuum. Ferrate-LDHs with other elemental ratios were synthesized in a similar fashion.
CaAl-Cl-LDH was prepared with the identical procedure except that
potassium ferrate was not added.

2.5. Chemical oxidation of phenol in water
Chemical oxidation of phenol (50 mg/L) was carried out in a 500 mL
of ﬂasks which containing 250 mL phenol solution. The ﬂasks were
installed in a water bath shaker. A rapid mixing at 200 rpm ensured a
complete mixing state. The initial pH was adjusted to 6.5 or 9.5 with
0.02 N H2SO4 and 0.02 N NaOH solutions. In the oxidation of phenol,
the chemical oxidant was added, such as K2FeO4, Ferrate-LDH422 and
LDH + K2FeO4. The chemical oxidation proceeded for 2 h. Two milliliters of samples were collected at 5, 15, 30, 45, 60, 90 and 120 min,
separately. The solution was ﬁltered through 0.22 μm polyether sulfone
ﬁlters and then mixed with excessive anhydrous sodium sulphite to
quench chemical oxidation with any residual ferrate(VI). The phenol
removal eﬃciency (R) was indicated in terms of the reduction of TOC.

R = (TOC0 − TOCt )/TOC 0 × 100%

(3)

where R is phenol removal eﬃciency; TOCt is TOC (mg/L) at any
speciﬁc sampling time; TOC0 is the initial TOC (mg/L).
In order to evaluate availability of Fe(VI) for phenol removal, the
utilization eﬃciency (UE) of Fe(VI) was determined using the following
eq.

2.3. Characterization of ferrate-LDH
Morphology of the diﬀerent LDH samples was determined using a
scanning electron microscope (SEM, JSM-7401F, Rigaku Corporation).
50
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and Fe, respectively; and MFe(VI) is the mass concentration of Fe(VI)
(mg/L). For this study, the amount of lost electrons is 4 mol when each
mole of phenol is mineralized, while each mole ferrate(VI) gains 3 mol
of electrons when Fe(III) is considered as the ﬁnal ferrate(VI) reduction
product. Therefore, α = 4/3 in the above equation.
3. Results and discussion
3.1. The intercalation of ferrate into LDH
The XRD patterns of solid samples are shown in Fig. 1(a). Reﬂection
at 10.9°, 22.2°, 31.0° and 55.2° (2θ) were indexed in the sample CaAleCleLDH as reﬂection planes (006), (104), (110) and (300) of hydrocalumite, respectively, in agreement with the ﬁndings of Cl intercalated CaAleCleLDH reported elsewhere (Rapin et al., 2002). In
contrast, new reﬂection peaks were recorded at 9.2°, 18.1° and 37.8°
(2θ) for all the LDH samples with ferrate addition. As shown in Table 1,
the d006-value in CaAleCleLDH was 0.786 nm, in agreement with
previous results (Rapin et al., 2002). In contrast, the d006-value of
Ferrate-LDH samples was 0.973 nm, close to that (~ 0.97 nm) of pure
CrO42-LDH (Braterman et al., 2005; Qian et al., 2012). The increased dvalue suggests the intercalation of ferrate into LDH.
It should be noted that the peak for reﬂection became broader in the
ferrate intercalation samples. As seen in Fig. 1(b), the deconvolution of
the board peak showed two sub peaks at 9.2° and 10.8° (2θ) (peak1 and
peak2, respectively), which were indexed as reﬂection plane (006) for
Ferrate-LDH and CaAleCleLDH, respectively, indicating that the Ferrate-LDH was mixed with CaAleCleLDH in all cases of ferrate addition.
Moreover, the peak of reﬂection plane (006) became weakened with
the increasing Ca/Fe ratio from 4:1 to 4:6, indicating that an increase in
ferrate concentration reduced the crystallinity or ordering of the
structure. This observation is attributable to the Cl competition with
ferrate in the LDH formation due to the similar solubility product
constants of Ferrate-LDH (−28.4) and CaAleCleLDH (−27.3) (Table
S1). In addition, the previous articles reported the quick decay of Fe(VI)
to Fe(III) at relatively low pH (< 12) (Graham et al., 2004; Schroyer
and Ockerman, 1951). Although the initial pH of solution was 13–14,
the ﬁnal pH of solution after synthesis was around 12. The decreasing of
pH suggests that the partial degradation of Fe(VI) to Fe(III) may
happen. The generation of Fe(III) was probably responsible for the poor
crystal of LDH as amorphous Fe(III) hydroxide formation.
Here the structure of synthesized Ferrate-LDH was proposed. The
result of DFT calculation for the FeO42− structure in Ferrate-LDH is
illustrated in Fig. 1(c). In the ferrate intercalated LDH crystal, lattice
parameters include a = 20.073 Å, b = 6.807 Å, c = 29.568 Å, and the
d-value = 9.856 Å, which conﬁrmed the XRD results as shown in
Table 1. Moreover, the average bond length of FeeO was 1.695 Å in the
intercalated ferrate, greater than that 1.646 Å in FeO42− anion, likely
due to the interactions between the FeeO structure in the ferrate and
basic hydroxide groups in the LDH layer. These ﬁndings indicate a
stable structure of ferrate.
The ferrate loading amount of these Ferrate-LDHs could be estimated by combined total organic carbon (TOC) removal and photoemission area ratio of Fe(VI) under considered partial degradation of Fe
(VI) to Fe(III) (Table S2). For instance, The Fe(VI) molar portion of
Ferrate-LDH422 was approximately 59% from XPS result (details in
next section). The mass fractions of Fe, Fe(VI) in Ferrate-LDH422 were
16%, and 9.4% (Table 2), respectively. In a similar way, the estimated
molar fractions of Ferrate-LDH421, 424, and 426 were 7.3%, 7.8%, and
8.3%, respectively.

Fig. 2. (a):TOC removal of Ferrate-LDH with various Ca/Fe ratios. (b) Removals
of phenol TOC after addition of ferrate-LDH422 (initial pH 6.5 and 9.5),
CaAleCleLDH (initial pH 6.5), potassium ferrate (initial pH 6.5) and potassium
ferrate + CaAleCleLDH (initial pH 6.5). (c) The impacts of various TBA on
TOC removal of ferrate-LDH.

UE = (α∗R∗TOC 0 /mC)/(MFe(VI) /mFe) × 100%

3.2. Ferrate-LDH oxidation of phenol

(4)

Fig. 2(a) shows that the TOC removal on Ferrate-LDH with various
ferrate loadings, which is 35 ± 3, 47 ± 2, 40 ± 4, and 41 ± 6 mg/L
for Ferrate-LDH421, Ferrate-LDH422, Ferrate-LDH424 and Ferrate-

where α is the correction coeﬃcient; mC and mFe are molar masses of C
51
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Table 3
The utilization eﬃciency of Fe(VI) in this study and other publications.
Species

Contaminants

Concentration of Fe(VI) (mg/L)

Initial TOC (mg/L)

R

pH

UE (%)

Ref.

Ferrate-LDH
K2FeO4
Ferrate+LDH
K2FeO4
K2FeO4
K2FeO4
K2FeO4

phenol
phenol
phenol
phenol
phenol
FLU
NOMs
NOMs
HA
FA
MR

38.3
38.3
38.3
0.8
7.2
168
4.4
4.9
3
10
10
39.6

47%
3%
5%
70%
57%
47%
16%
11%
28%
< 20%
< 30%
87%

6.5
6.5
6.5
9.0
9.0
8.0
7.8
5.8
7.0
3
3
7

86.8
12.6
21.1
17.4
14.3
8.8
62.6
47.9
26.1
27.1
40.6
2.9

This study
This study
This study
Sun et al. (2016, 2017)
Peings et al. (2015)
Feng et al. (2016)
Song et al. (2016)

K2FeO4
K2FeO4

129.0
56.6
56.6
20.0
178.7
5600
7.0
7.0
20
46
46
–

GR + H2O2

Gan et al. (2015)
Mihee and Myoungjin, (2009)
Kone et al. (2009)

FLU: Flumequine; NOMs: Natural organic matters; HA: Humic acid; FA: Fulvic acid; MR: Methyl Red. GR: Hydroxysulphate green rust.

(VI) together with CaAleCleLDH at pH 6.5. Less than 10% of TOC was
removed in all the three control groups within 120 min, suggesting the
poor phenol removal due to direct oxidation with ferrate(VI) or adsorption on LDH. In contrast, the TOC removal was rapidly increased to
40% within 45 min after the Ferrate-LDH addition at the identical
conditions. Then, the TOC removal was slightly increased to 45% as the
time further increased to 120 min. The ﬁnding clearly indicates that the
ferrate intercalation signiﬁcantly improved the destruction of phenol. A
very similar TOC removal pattern was observed for Ferrate(VI)-LDH422
at pH 9.5, except that a moderately lower TOC removal (~35%) was
achieved at 120 min (Fig. S1).
In order to explore whether hydroxyl radicals were produced and
then principally oxidize phenol in water, tert butyl alcohol (TBA) as a
hydroxyl radical scavenger (Abramović et al., 2015) was added with
diﬀerent quantities to examine the phenol removal path. TOC removal
was about 45% for Ferrate-LDH422 with various TBA, close to that with
TBA. Similar proﬁles of TOC removal was also observed in the cases of
Ferrate-LDH311 and Ferrate-LDH411 (Fig. 2(c)). This conﬁrmed the
negligible role of hydroxyl radical in the reaction of phenol oxidized
with Ferrate-LDH in this system as TBA is used to a radical terminator.
The oxidation of phenol using Ferrate-LDH was a non-radical chemical
oxidative mechanism as no diﬀerence in the TOC removal amount with
or without TBA.
Eﬀective utilization of Fe(VI) for the phenol treatment is evaluated
using the normalized utilization eﬃciency (UE) of Fe(VI) (Eq. (4))
(Table 3). The UE of Ferrate-LDH422 was 86.8%, approximately 7-fold
of that achieved by ferrate alone. The higher UE and aforementioned
better TOC removal in the Ferrate-LDH treatment are plausibly attributed to a greater oxidant exposure of Fe(VI), which was likely accomplished by reducing the self-decay rate of ferrate(VI) in water. However,
it was technically diﬃcult to directly measure ferrate(VI) spectrophotometrically or using the traditional ABTS (2,2′-azino-bis(3-ethylbenzo-thiazoline-6-sulfonic acid diammonium salt) method, because Fe
(VI) was incorporated into the LDH structure.

Fig. 3. (a):Evolution of dissolved oxygen from Fe(VI) reduction of ferrateLDH422 or potassium ferrate in water. (b): Fe(VI) decomposition of FerrateLDH422 and pure potassium ferrate in water (pH = 6.5; TOC = 38.3 mg/L; [Fe
(VI)]0 = 2.3 mM for Ferrate-LDH422 and [Fe(VI)]0 = 1.0 mM for pure potassium ferrate); symbols and lines represent the measured and model data,
respectively.

3.3. Inhibited Fe(VI) self-decay
The dissolved oxygen (DO) was a major product of ferrate(VI) selfdecomposition. Accordingly, the evolution of DO was monitored in the
Ferrate-LDH422 without phenol to evaluate self-decay of ferrate(VI) in
LDH. As shown in Fig. 3(a), DO was sharply increased from initial 7.4 to
14.4 mg/L in K2FeO4 solution in 210 s, followed by the gentle increasing. In comparison, the highest DO concentration was 8.8 mg/L in
the case of Ferrate-LDH. This means that DO from ferrate(VI) addition
was much greater than that in the Ferrate-LDH422 group. These observations indirectly indicates that self-decay of ferrate(VI) was dramatically inhibited in the CaAl-LDH structure, thereby achieving a
greater ferrate(VI) oxidant exposure.
Moreover, ferrate decomposition process was estimated by the

LDH426 respectively. This indicates that the higher loading amount of
ferrate in LDH (Table 2) led to the higher TOC removal of organic
compound. Accordingly, the sample Ferrate-LDH422 performed high
TOC removal capacity and kept relatively good LDH crystal structure
among the samples. The investigation of decomposition process was
carried out by using Ferrate-LDH422.
Oxidation capability of the Ferrate-LDH was evaluated through
oxidative destruction of phenol in water. The treatment eﬃciency was
determined in terms of the TOC removal (Fig. 2(b)). Three control
groups were tested, including CaAleCleLDH alone, K2FeO4, and ferrate
52

Applied Clay Science 171 (2019) 48–56

J. Wu, et al.

Fig. 4. (a):XRD patterns of ferrate-LDH422 after reaction. (b): SEM patterns of ferrate-LDH422 before and (c) after oxidation of phenol.

value of LDH was increased to 1.121 nm (after phenol oxidation) from
0.973 nm (fresh sample). This is probably contributed to the intercalation of anion phenol transformation products into LDH (Fig. S2),
similar results were reported by other researchers (Zhang et al., 2012;
Yan et al., 2009). The shift of reﬂections in LDH is consistent with the
results in previous studies on organic compound intercalated Ca-LDH
(Murthy et al., 2015). In addition, huge peaks of CaCO3 were observed
with XRD, which suggested that soluble Ca2+ reacted with CO32– from
products of phenol oxidation. The weak reﬂections of Fe2O3·H2O
(PDF#13–0092) was recorded at 16.1°, 24.3°, 33.2°, 36.3° and 60.6°
(2θ), indicating that the Fe(III) was produced from ferrate reduction
and deposited in terms of Fe hydroxide. Elemental composition of the
LDH was estimated by measuring these metals leaching out after the
reaction. Results show that the molar ratio of released Ca/Al ranged
from 1.8 to 2.4 (Table S4), indicating that 80% or more of LDH remained in solid residues after reaction as Ca/Al ratio within the range
of M(II)/M(III) in typical LDH structure (Evans and Slade, 2006). To
further understand the alternation of Ferrate-LDH before and after
phenol oxidation, the morphology of these solid samples were determined using SEM. As seen, the Ferrate-LDH layer initially had a very
smooth surface (Fig. 4(b)). Following the phenol oxidation, numerous
small particles were deposited on the LDH, causing a rough surface
(Fig. 4(c)). The sizes of particles on the sample range from 25 nm to
66 nm (Fig. S3), which suggested particles cannot exist in interlayers of
LDH. These ﬁne particles on the LDH are likely ferric hydroxides that
were formed outside the LDH interlayers after ferric ions were repelled,

kinetics of ferrate(VI) decay degradation (was reﬂected by DO concentration) as followed by Eq. (1). Fig. 3(b) shows the result of kinetics
of the decrease in ferrate concentration within the ﬁrst 3 min in the
ferrate-LDH compared to that in the case of ferrate alone. An instant
loss (1st stage) followed by a decrease (2nd stage) in ferrate was observed in the case of both Ferrate-LDH422 and pure potassium ferrate.
In pure potassium ferrate, the decomposition process was ﬁtted well
with a 2nd - order reaction with a rate constant of 1.3E-3 M−1·min−1
for 1st stage and a rate constant of 1.4E-4 M−1·min−1 for 2nd stage
(Table S3). In contrast, the concentration of ferrate in ferrate-LDH422
was ﬁtted well with 1st - order reaction at the rate constants of 1st stage
and 2nd stage were 0.05 min−1 and 0.008 min−1, respectively. The
kinetics of ferrate in these cases was described by the following equations:

r2 = −k2 [Fe(VI)]2

(5)

r1 = −k1 [Fe(VI)]

(6)

where, r2, r1 are the 2nd - order Fe(VI) decomposition rate and 1st order Fe(VI) decomposition; and k2, k1 are the 2nd - order rate constant
of Fe(VI) decomposition in homogenous solution and 1st - order rate
constant of Fe(VI) decomposition in LDH heterogeneous system. This
indicates the inhibition of ferrate self-decay on LDH samples as the
reduction of ferrate decomposition in heterogeneous way.
The XRD pattern of Ferrate-LDH after phenol oxidation is shown in
Fig. 4(a). Reﬂections at 7.9°, 11.4°, 22.9°, 31.2° and 56.7° (2θ) were
clearly observed, indicating a hydrotalcite-like structure. The d00653
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Fig. 5. XPS spectra of the Fe 2p3/2 photoemission line for (a) before and (b) after removal phenol in Ferrate-LDH422 (the green line represent sub peak of Fe(VI), the
orange line represent sub peak of Fe(III) from FeOOH, the blue line represent sub peak Fe(III) from Fe2O3, and the black line and the red line represent observed
signal and generated signal of sub peak, respectively). XPS spectra of the Ca 2p3/2 photoemission line for (c) before and (d) after removal phenol in Ferrate-LDH422.
(For interpretation of the references to colour in this ﬁgure legend, the reader is referred to the web version of this article.)

Mcintyre and Zetaruk, 1977). Clearly, Fe(III) was produced from ferrate
reduction during the phenol oxidation. Compared with Ca 2p3/2 photoemission line for Ferrate-LDH422 before reacted with phenol (peak at
346.4 eV, close to 346.7 eV of Ca(OH)2 (Sugama et al., 1989)), that of
Ferrate-LDH422 after removal phenol was 346.9 eV which approached
the peak of 347.0 eV corresponding to CaCO3 (Christie et al., 1983).
Soluble Ca2+ reacted with CO2 which was product of phenol oxidation.
The ratio of Ca to Fe (Ca/Fe) could be determined from the areas of
their respective XPS peaks (Fig. 5, area information was supplied in
Table S5). For the Ferrate-LDH, Ca/Fe was 4.1, in agreement with the
results in terms of the ICP-AES analysis. However, Ca/Fe was dramatically decreased to 1.7 after the oxidation of phenol (Table S3). The
ratio was even less than that in the residue of Ferrate-LDH directly
dissolved in distilled water (3.3). As the XPS signal is mainly collected
on the 5-nm depth from solid surface (the thickness of LDH was approximately 15 nm by Debye-Scherrer equation), the decrease of Ca/Fe
ratio in XPS result suggests the Fe amount increasing near the surface of
LDH. This is ascribed to the conversion of ferrate to Fe(III) hydroxides
that were distributed on the LDH surface. Namely, Fe(III) migrated
from bulk to surface lead to Fe element was enriched in surface which
decrease Ca/Fe ratio.
Here plausible pathways of the inhibited ferrate(VI) self-decay are
proposed (Scheme 1). As the ﬁrst step, phenol in water was adsorbed on
or near the surface of Ferrate-LDH. Fe(VI) in the interlayers subsequently oxidize the compound. Fe(III) as the ﬁnal product of Fe(VI)
reduction was repelled from the interlayer due to electrostatic repulsion, followed by the formation of Fe(III) hydroxides on the surface of
LDH. Partial anionic organic acid and CO32– interacted into interlayer
of LDH. Throughout the reactions, LDH served as a barrier to separate
Fe(VI) inside the LDH from Fe(III) hydroxides to increase the exposure

Scheme 1. Proposed mechanisms of PhOH degradation by ferrate-LDH.

which in agreement with the result of XRD.
XPS was also applied to investigate the valence states of ions as well
as the composition of metals near solid surface. As shown in Fig. 5(a-d),
the XPS spectra of the virgin Ferrate-LDH show characteristic peaks at
711.6 eV associated with ferrate. The peak main was contributed with
Fe(VI) (Fig. 5(a) green line, peak at 712.1 eV), which displayed ferrate
intercalated into LDH with stable state (it was similar to the report of
Konno and Nagayama, 1980 for K2FeO4). A part of photoemission from
Fe(III) which were represented by blue and orange line (peak at 709.4
and 710.7 eV), suggesting that partly self-decay reaction existed during
coprecipitation. After phenol oxidation (Fig. 5(b)), the peak position of
the binding energy was shifted to 710.8 eV corresponding to Fe(III)
hydroxides. The photoemission from Fe(VI) was little. The ﬁndings are
similar to those reported elsewhere (Konno and Nagayama, 1980;
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4. Conclusions
This study proposed to synthesize and apply ferrate intercalated Ca/
Al-layered double hydroxide for elimination of water pollutants. Under
the identical conditions, Ferrate-LDH achieved a much better removal
of phenol from water than direct addition of ferrate. The better treatment performance of Ferrate-LDH is ascribed to an increased oxidant
exposure, because the Fe(VI) decay in Ferrate-LDH treatment was signiﬁcantly slowed down in comparison to that during direct ferrate(VI)
addition. This study indicate that the LDH structure is capable of inhibiting ferrate(VI) self-decay. The new ferrate(VI) agent opens new
opportunity for ferrate(VI) applications in water and wastewater
treatment. It is well known that ferrate(VI) self-decay is an inevitable
pathway for ferrate(VI) consumption in water treatment. The fraction
of ferrate(VI) consumption due to self-decomposition may be signiﬁcant, particularly at an acidic condition. This may lead to the dramatic waste of ferrate(VI) intended for the elimination of target pollutants. The Ferrate-LDH agent can signiﬁcantly reduce the portion of
Fe(VI) loss due to self-decay, thereby improving its treatment eﬃciency
for pollutants of concern and saving the costs of Ferrate(VI) for
achieving an expected treatment goal. Therefore, the Ferrate-LDH is a
promising treatment agent to address pressing and complex water
pollution issues.
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